This study involves the preparation of conducting composites based on poly(o-methoxyaniline) (POMA) and carbon nanotubes (CNT) and the evaluation of them as radar absorbing materials (RAM), in the frequency range of 8.2-12.4 GHz (X-band). The composites were obtained by synthesis in situ of POMA in the presence of CNT (0.1 and 0.5 wt% in relation to the o-methoxyaniline monomer). The resulting samples-POMA/CNT-0.1 wt% and POMA/CNT-0.5 wt%-were incorporated in an epoxy resin matrix in the proportion of 1 and 10 wt%. FT-IR analyses show that the POMA was successfully synthesized on the CNT surface. SEM analyses show that the synthesized POMA recovered all CNT surface. Electrical conductivity measurements show that the CNT contributed to increase the conductivity of POMA/CNT composites (1.5-6.7 S⋅cm −1 ) in relation to the neat POMA (5.4 × 10 −1 S⋅cm −1 ). The electromagnetic characterization involved the measurements of complex parameters of electrical permittivity ( ) and magnetic permeability ( ), using a waveguide in the X-band. From these experimental data reflection loss (RL) simulations were performed for specimens with different thicknesses. The complex parameters show that the CNT in the composites increased and . These results are attributed to the CNT network formation into the composites. Simulated RL curves of neat POMA and POMA/CNT in epoxy resin show the preponderant influence of POMA on all RL curves. This behavior is attributed to the efficient CNT recovering by POMA. RL results show that the composite based on 10 wt% of POMA/CNT-0.5 wt% in epoxy resin (9 mm thickness) presents the best RL results (≈87% of attenuation at 12.4 GHz).
Introduction
There is a growing interest in the electromagnetic radiation shielding and radar absorbing materials (RAM) areas due to the intense growth of high-performance electrical and electronic systems in commercial, military, and scientific fields [1] . As a result, the search for new materials with lower cost, lower weight, and ease of processing has increased [2] [3] [4] [5] .
RAM can be obtained from different materials, as long as they favor losses of the incident energy in the frequency range of microwaves. For example, any ferrites, carbon black, carbon nanotubes (CNT), and conducting polymers can be cited [3] [4] [5] [6] [7] . In this area, the conducting polymers have attracted significant attention due to the lower density in relation to ferrites and carbonyl iron, for example, and good electrical conductivity values. These characteristics have motivated their uses in RAM processing, rechargeable battery, catalysts, electrodes, and sensors [8] . Among the conducting polymers, the polyaniline (PAni) stands out. Derivatives based on substituted PAni, like poly(o-methoxyaniline) (POMA), present also potential interest, because they may improve the processability due to the decreased rigidity of the polymer chains as a result of the introduction of substituent groups [9] . The structural formula of POMA is shown in Figure 1 [10] .
More recently, POMA and their composites with carbon black [10] and nanocomposites based on POMA/CNT [3] [4] [5] 11] have been studied as RAM. The literature has mentioned that composites containing CNT present advantages in various applications, standing out in electronics, automotive, and aerospace sectors, with uses in electrostatic dissipation, electromagnetic interference (EMI), and electromagnetic shielding [4, 5, 12] . Improvements in materials processing Figure 1 : Structural formula of POMA [10] .
are also mentioned, for example, in the aggregation of ceramic particles [13, 14] . The increased use of CNT in RAM processing is due to the intrinsic characteristic of this class of materials, that is, its good electrical conductivity [12] . This characteristic promotes the interaction of CNT and, consequently, of their nanocomposites, with the electrical field of electromagnetic waves, making them good candidates for the RAM processing. Thus, the main idea in working with composites is to integrate different components and their properties in a single material [15] . In this work, composites based on POMA/CNT were obtained by in situ polymerization and they were characterized taking their electromagnetic, morphological, and electrical characteristics. The electromagnetic properties (electrical permittivity ( ), magnetic permeability ( ), and reflection loss curves) of the POMA/CNT composite embedded in epoxy resin matrix were also evaluated in the frequency range of 8.2-12.4 GHz (X-band). The reflection loss as function of different sample thicknesses was investigated by computational simulation.
Materials and Methods

Materials.
The materials used in this study were omethoxyaniline (or o-anisidine) from Aldrich, with 99% of purity, ammonium persulfate ((NH 4 ) 2 S 2 O 8 ) from Merck as oxidant, with 98% of purity, 1.0 mol⋅L −1 -aqueous solution of HCl (Merck, with 37% minimum acid content), carbon nanotubes, code CM-95/MWNT, from Korean Iljin Nanotech Co. Ltd., and a commercial bicomponent epoxy resin, type Araldite, attending the proportion 2 : 1 of resin : hardener (wt/wt).
Preparation of POMA/CNT Composite.
The POMA used in this study was synthesized based on a route from literature [19] and presented in detail in a previous study [10] . The preparation of POMA/CNT composite was carried out by in situ polymerization of POMA in the presence of CNT. This procedure was based on the literature [12, 20] that suggests the use of ultrasound bath for the dispersion of CNT in aqueous solution of HCl (1 M). Already, in the present work, best results were obtained dispersing the CNT in the acid solution using an ultrasound probe (sonicator) at five intervals of 10 min with 25% of the maximum amplitude of the equipment (750 W and 20 kHz), interspersed with 5 min without vibration. The CNT quantities in the reaction medium were 0.1 and 0.5 wt% in relation to the o-anisidine monomer. Two samples of binary composites were prepared, named POMA/CNT-0.1% and POMA/CNT-0.5% (see Table 1 ).
Preparation of POMA/CNT/Epoxy Resin Composite.
The preparation of specimens used neat POMA and POMA/CNT-0.1% and POMA/CNT-0.5% composites in a commercial epoxy resin matrix. From each binary composite (POMA/CNT-0.1% and POMA/CNT-0.5%) two ternary composites were prepared in epoxy resin using 1 wt% and 10 wt%. Table 2 describes the samples prepared in epoxy resin. The mixtures were poured into molds of dimensions of 23 mm × 10 mm × 9.0 mm. These specimens meet the exact dimensions of the waveguide sample-holder used in electromagnetic characterization. These mixtures were also poured into molds of 15 mm of diameter and 1.5 mm of thickness for the electrical conductivity measurements.
Characterization
Fourier Transform Infrared Spectroscopy (FT-IR).
FT-IR analyses of samples (POMA and POMA/CNT) were performed in a Perkin-Elmer Spectrum 2000 spectrometer. The spectra were taken as an average of 32 scans with 2 cm
resolution in the range of 4000 to 400 cm −1 , using KBr (0.8 mg of sample : 400 mg of KBr).
Scanning Electron Microscopy (SEM)
. SEM analyses of POMA and POMA/CNT composites were carried out in an equipment LEO, model 435 Vip. The samples were covered with a thin layer of gold.
Electrical Conductivity.
Electrical conductivity measurements of the samples were performed using the fourtip method [21] , with 1.27 mm distance between the tips. Measurements were performed in triplicate with equipment Cascade Microtech C4s-64 coupled to a Keithley 236 source, a multimeter and an ammeter, using specimens with 15 mm of diameter and 1.5 mm of thickness. The POMA and POMA/CNT (in powder) specimens were prepared in an uniaxial press, from Solab, with 1.5 t-force. The specimens of POMA/epoxy resin and POMA/CNT/epoxy resin were poured into molds (see Section 2.3). The measurements were carried out at room temperature.
Electromagnetic Characterization.
Real and imaginary values of and were experimentally obtained, in triplicate, using a rectangular waveguide in the frequency range of 8.2-12.4 GHz. A vector network analyzer, HP, model 8510C, fitted to a X-band calibration set WR 90, was used. The calculation of and used software 85017E from Agilent, based on the model of Nicolson Ross [22] . The complex parameters and are expressed by (1), considering the real and imaginary components of the permittivity ( and ) and the permeability ( and ), respectively.
Equation (2) gives the reflection loss (RL) using the normalized impedance ( ) of the material. In this case, it is considered the normal incidence of the electromagnetic wave on the specimen, in the waveguide [23] :
When the appropriate setting of the complex parameters of permeability and permittivity is reached we have the impedance matching and the RL is maximal for the material (for a given frequency and a given material thickness) [24] .
Computer Simulation.
RAM performance with different thicknesses in the X-band was evaluated by using a tool named "RFE" (an acronym in Portuguese for reflectivity, frequency, and thickness). This tool is a direct implementation of (1)-(2) as described in [23, 25] . The input parameters used in this tool are the experimental real and imaginary components of ( and ) and ( and ), respectively, both in function of frequency. The output is the RL, in dB, as a function of the range of frequencies of interest and the sample thickness, in mm. Figure 2 shows the FT-IR spectrum of the synthesized POMA. This spectrum shows contributions in the range of 3600 and 400 cm −1 . The band at 3437 cm −1 is attributed to the formation of NH bonds due to the protonation of nitrogen, in accordance with the literature [16] . The contribution at 2800 cm −1 may be associated with both axial deformation of C-H from aromatic carbon and also C-H stretching of the OCH 3 group in the polymeric chain [26] . The band at 1579 cm −1 is associated with quinoid (Q) structure and 1490 cm −1 band with benzenoid (B) structure. The presence of bands at 1500 cm −1 and 1600 cm −1 is also observed. According to the literature these contributions are related to the polymer formation from amine and imine units [26] . Table 3 summarizes the main infrared bands shown in Figure 2 . The identification of the contributions is based on the literature [16] [17] [18] . Figure 2 shows also the FT-IR spectrum of the POMA/CNT composite. The comparison of the two spectra in Figure 2 shows that the CNT addition to the reaction medium increased the intensity of the bands related to the neat POMA, as observed at 1600 cm −1 , 1500 cm −1 , and 3200 cm −1 . These bands are characteristic of polyaniline and its derivatives, such as POMA, and are associated with the quinoid ring, vibration of benzene ring, and formation of NH bands, respectively [26] . In this case, it is observed that the structure at 1530 cm −1 , relative to the C=C group quinoid ring, and the band at 1074 cm −1 show a small shift in relation to the bands of neat POMA. At 2800 cm −1 , POMA/CNT shows also the contribution previously observed for neat POMA. The observed displacement for any bands is assigned as the polymer interaction with the CNT structure. FT-IR results show the success of the in situ synthesis of POMA in the presence of CNT, indicating the synergy between the synthesized polymer and the carbonaceous structure of CNT. This good interaction is observed by increasing of intensity of FT-IR bands for the POMA/CNT composite. Such behavior is also cited in literature [27, 28] . Table 4 presents the electrical conductivity values of neat POMA, POMA/CNT, and their composites in epoxy resin. According to the literature, the addition of CNT in composites improves the electrical conductivity of end material [11, Table 4 : Electrical conductivity of studied samples.
Results and Discussion
12]. This observation is in agreement with the data presented in Table 4 , where the electrical conductivity of POMA/CNT composite increased in comparison to the neat POMA values. According to Huang et al., 2007 [12] , the electrical conductivity of the composite can be increased up to ten orders of magnitude, depending on the CNT amount in the reaction medium, due to the formation of percolating networks. Table 4 shows that the POMA polymer presents the electrical conductivity value of 5.4 × 10 −1 S⋅cm −1 . This value increases with the CNT increment in the formulation, reaching 6.7 S⋅cm −1 for the POMA/CNT composite containing 0.5 wt% of CNT (POMA/CNT-0.5%).
On the other hand, the specimens prepared in epoxy resin behave as insulating material. This behavior can be attributed to two occurrences. In the first, the POMA and POMA/CNT concentrations used (1 and 10 wt%) were not sufficient to achieve the percolation limit and the flow of charges was not favored. This hypothesis is less probable mainly for the formulation containing 10 wt% of POMA and POMA/CNT. In the second, the additives were not well dispersed in the epoxy resin. In addition, these additives were involved by epoxy resin making the final material with insulating characteristics. Figure 3 (a) shows a representative SEM micrograph of POMA. In this case the synthetized polymer presents morphology with flakes, platelets, and elongated shapes. composites, respectively. The analysis of this figure shows the presence of flakes and needle-shaped structures with dimensions between 2 and 6 m, in a similar way to that one observed for POMA polymer (Figure 3(a) ). Any needleshaped fragments are observed in Figures 3(c) and 3(d) as possible contribution of CNT pieces. But, in a general way, the presence of CNT filaments is not observed, as shown in Figure 3 (b). This observation is assigned to an efficient POMA polymerization on the CNT surface. Similar observation is described in the literature [20] . Figures 4(a) -4(b) shows experimental complex parameters of and of POMA/epoxy resin and POMA/CNT/ epoxy resin samples. Since the studied composite under consideration is dielectric type, the magnetic components and vary around 1 and 0, respectively, (Table 5 ) in accordance with the literature [29] [30] [31] . The analysis of Figure 4 (a) shows that the storage component of the composite is above 3, decreasing with the frequency increasing as mentioned in the literature [29] [30] [31] . The increment of with the POMA/CNT composite increasing in epoxy resin is expected, considering the electrical conductivity of POMA/CNT composites (Table 4 ). Figure 4(b) shows the behavior of the loss component as function of the X-band frequencies. It is also observed that this parameter increases for higher POMA/CNT contents in the epoxy resin, varying between 0.1 and 0.3. Their decrease with the frequency increasing is also observed. These experimental parameters are useful because they allow predicting the RAM behavior in different both thicknesses and frequencies (up to 20 GHz). In this study, only the influence of thickness variation was investigated by computational prediction. Table 5 presents Journal of Nanomaterials experimental permittivity and permeability values of the investigated samples at 10 GHz.
The analysis of both complex parameters of (Table 5) shows that the POMA content increasing in epoxy resin increases the values of the storage component from = 3.0481 for 1%-POMA to 3.2169 for 10%-POMA, both at 10 GHz. In the same way, the loss component increases from = 0.0778 for 1%-POMA to 0.1248 for 10%-POMA, both at 10 GHz. Figure 4 and Table 5 show that the increment of CNT in the POMA/CNT composite contributes to increase these parameters also. In the same way, the increasing amount of POMA/CNT in the epoxy resin increases also the parameters. For example, 10%-(POMA/CNT-0.5%) composite presents values of = 3.5762 and = 0.2879, at 10 GHz. This behavior is attributed to the CNT network formed in the composite that favors the wave-material interaction ( ) and the energy losses in the material ( ).
From these experimental values of and , obtained in the frequency range of 8.2 to 12.4 GHz for all samples, computational simulations were performed to evaluate the 6 Journal of Nanomaterials influence of thickness on the performance of the sample studied as RAM. Previous work shows a good fit between simulated RL curves by RFE tool and those obtained experimentally [23] . Predicting RAM behavior based on simulation presents advantages, especially in reducing processing time and costs. Figure 5 shows simulated RL curves for the studied composites with thickness values of 2, 4, 6, 8, and 9 mm.
The simulated RL curves ( Figure 5) show that the RAM samples based on POMA and POMA/CNT composites, both in epoxy resin, present similar tendencies to attenuate microwaves in the X-band. The main difference observed in these curves is the attenuation intensity for each composition, with the main frequency of maximum attenuation almost the same. This behavior is attributed to the preponderance of POMA characteristics (morphological and electrical) on the processed RAM even those based on POMA/CNT. Comparing the electromagnetic behavior with SEM images (Figure 3 ) it is observed that the POMA/CNT composite shows similar morphology to that presented by neat POMA. This behavior indicates that the POMA characteristics prevailed on the wave-material interaction in the frequency band evaluated. Considering only the neat epoxy resin (without POMA and POMA/CNT), the RL curve shows transparent behavior of this polymeric matrix to the microwaves in X-band, with values around zero dB.
The comparison of RL curves in Figures 5(a) and 5(b) shows that the increase of POMA content in epoxy resin (from 1 to 10 wt%) contributed with slightly higher attenuation values for any thickness values, for example, 4 and 9 mm. In this family of samples the attenuation values of POMA/epoxy resin specimens varied from −0.2 to 2.7 dB (up to ∼46% of attenuation). This behavior is attributed to the low electrical conductivity of POMA (5.4 × 10 −1 S⋅cm −1 ) and also to the POMA morphological aspects observed in this sample (Figure 3(a) ). SEM of POMA shows the presence of flakes, platelets, and elongated shapes, which can make the dispersion and the contact difficult among the POMA particles.
More significant attenuation values are observed for the samples containing the POMA/CNT composites. In this case, both the increase of CNT in the POMA/CNT composite and the increase of POMA/CNT in epoxy resin resulted in higher attenuation values (Figures 5(c)-5(f) ). The best attenuation results are observed for the sample 10 wt%-POMA/CNT-0.5% in epoxy resin, with 9 mm thickness. In this case, RL values up to −9 dB (≈87% of attenuation) at 12.4 GHz are observed. Figure 5 (e) shows an experimental RL curve for a sample with 2 mm thickness. By comparing this experimental curve with the simulated RL curve (for the same thickness) it is observed that both present the same tendency of attenuation with small differences between them (∼0.5 dB).
When the CNT is present in the POMA/CNT composite the electrical conductivity increases, as shown in Table 2 . However, in a general way, the samples prepared in epoxy resin behave as insulator material ( ≈ 0). This behavior is attributed to the POMA and POMA/CNT recovering by epoxy resin, resulting in insulating samples. However, parameters present increment in these values as shown in Figure 4 and Table 5 . This behavior is explained by the dynamic conductivity of material ( 0 ) [32] . The total electrical conductivity ( ) of materials is composed by the static component ( ) and the dynamic component ( 0 ), where is the angular frequency, 0 is the permittivity of vacuum, and is the relative imaginary permittivity, as follows [32] :
The correlation of electrical conductivity ( ≈ 0) (Table 4) , complex parameters of (Figure 4 and Table 5 ), and the RL curves of the POMA/CNT-based RAM ( Figure 5 ) prepared in this study allow attributing the microwave attenuation into the material by loss mechanics involving ionic, electronic, and/or dipolar polarization phenomena [31] . The resonant behavior observed in Figure 5 suggests also that the attenuation can be favored by wave cancelling, in function of the sample thickness [30, 31] .
Conclusions
This study shows the preparation of conducting composites based on poly(o-methoxyaniline) (POMA) and carbon nanotubes (CNT) by synthesis in situ of POMA in the presence of CNT (0.1 and 0.5 wt%). FT-IR analyses show that the POMA synthesis occurred with success on the CNT surface with evidence of good interaction among these two components. SEM analyses show that the POMA morphology presents flakes, platelets, and elongated shapes. Similar aspects are observed in the POMA/CNT composites indicating the success of POMA synthesis on the CNT surface. Electrical conductivity measurements show that the CNT presence in the composites contributed to higher values of conductivity (1.5-6.7 S⋅cm −1 ) in relation to neat POMA (5.4 × 10 −1 S⋅cm −1 ). The complex parameters of and measured in the Xband increased with the CNT content in the POMA/CNT and also with the POMA/CNT content in epoxy resin. Computational simulations from experimental values of and values showed the RL curves for samples with different thicknesses. Simulated RL curves of POMA and POMA/CNT in epoxy resin show the preponderant behavior of POMA on all curves, attributed to the recovering of all CNT surface, as shown in SEM analyses. RL results show that the composite based on 10 wt% of POMA/CNT-0.5% in epoxy resin (9 mm thickness) presents the best attenuation results with values up to ≈87% of attenuation, at 12.4 GHz. The results shows that the CNT improves the absorption properties probably due to the CNT network into the POMA/CNT composites. 
